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Abstract
For bouncing cosmologies, a fine set of parameters is introduced in or-
der to describe the nearly matter dominated phase, and which play the same
role that the usual slow-roll parameters play in inflationary cosmology. It is
shown that, as in the inflation case, the spectral index and the running para-
meter for scalar perturbations in bouncing cosmologies can be best expressed
in terms of these small parameters. Further, they explicitly exhibit the duality
which exists between a nearly matter dominated Universe in its contracting
phase and the quasi de Sitter regime in the expanding one. The results ob-
tained also confirm and extend the known evidence that the spectral index
for an exactly matter dominated Universe (i.e., a pressureless Universe) in
the contracting phase is, in fact, the same as the spectral index for an exact
de Sitter regime in the expanding phase. Finally, in both the inflationary and
the matter bounce scenarios, the theoretical values of the spectral index and
of the running parameter are compared with their experimental counterparts,
obtained from the most recent PLANCK data, with the result that the boun-
cing models here discussed do fit well accurate astronomical observations.
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1 Introduction
Matter bounce scenarios [1] are characterized by the Universe being matter dom-
inated at very early times in the contracting phase and evolving towards a bounce,
to enter into an expanding regime, where it matches the behavior of the standard
hot Friedmann Universe. They constitute a viable alternative to the inflationary
paradigm.
It is also well-known that matter domination in the contracting phase leads to
the same spectral index, ns, as for the case of the de Sitter regime in the expanding
Universe, namely ns = 1 [2]. This value does not agree with the experimental one,
ns = 0.9603 ± 0.0073, which has been obtained from the most recent PLANCK
data [3]. In contrast, this observational value can actually be accounted for in infla-
tionary cosmology, because the Universe does not inflate following an exactly de
Sitter regime. Instead, the inflaton field slow-roll in its potential drives the Universe
to a quasi de Sitter stage. In such slow-roll regime, the leading perturbative term of
the spectral index depends on two small parameters, so-called slow-roll parameters
[4], which are obtained explicitly as functions of the potential and its derivatives.
By conveniently fitting these parameters one is able to match the theoretical value
of the spectral index with the corresponding experimental one.
Following the inflationary paradigm, in order to obtain a correct theoretical
value of the spectral index in a matter bounce scenario—when we consider a single
scalar field only—we will introduce at very early times in the contracting phase
some dimensionless parameters, which we will call quasi-matter domination para-
meters. When these parameters are less than 1, the Universe will be nearly matter
dominated in the contracting phase, in exact analogy with the inflationary Uni-
verse case, where a small value of the slow-roll parameters leads to a Universe in
the expanding phase, near the de Sitter regime.
The aim of the present work is to construct viable bouncing cosmologies where
the matter part of the Lagrangian is composed of a scalar field and, therefore, have
to go beyond General Relativity, since the flat Friedmann-Lemaıˆtre-Robertson-
Walker (FLRW) geometry forbids bounces when one deals with a single field (re-
call that bounces are allowed for FLRW geometries with a positive spatial curvature
[5]). Hence for the flat FLRW geometry, theories such as holonomy corrected Loop
Quantum Cosmology [6], where a big bounce appears owing to the discrete struc-
ture of space-time [7], teleparalellism [8], or modified F (R) gravity [9] must be
taken into account. When dealing with these theories, in order to obtain a theor-
etical value of the spectral index that may fit well with current experimental data,
a quasi-matter dominated regime in the contracting phase has to be introduced,
which is conveniently fixed by the quasi-matter domination parameters. Moreover,
in slow roll inflation one also considers the running of the spectral index corres-
ponding to N e-folds before the end of the inflation, which in general, is of the
order of N−2. This value turns out to be very small, when one substitutes for N
the minimum number of e-folds which are needed to solve the horizon and flatness
problem in inflationary cosmology (N > 50), as compared with its corresponding
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observational value −0.0134± 0.009 coming from the most recent PLANCK data
[3], what shows that these slow roll models are less favored by observations. In
contrast, in matter bounce scenarios the number of e-folds before the end of the
quasi-matter domination regime can be relatively small, for the horizon problem
does not exist in bouncing cosmologies and the flatness problem is neutral [10].
This gives ground for the viability of such models, making thus possible that for
certain matter bounce scenarios the theoretical values of the spectral index and of
the running parameter do agree well with PLANCK observations.
2 Quasi-matter domination parameters
In General Relativity, for a flat Friedmann-Lemaıˆtre-Robertson-Walker (FLRW)
geometry the Friedmann and conservation equations for a single scalar field are
H2 =
1
3
(
ϕ˙2
2
+ V
)
; ϕ¨+ 3Hϕ˙+ Vϕ = 0. (1)
Assuming, in the contracting phase, quasi-matter domination at early times, i.e.,
ϕ˙2 ∼= 2V =⇒ ϕ¨ ∼= Vϕ, these equations become{
H2 = 23V
3Hϕ˙+ 2Vϕ = 0
⇐⇒
{ H2 = 23a2V
3Hϕ′ + 2a2Vϕ = 0. (2)
Now, in complete analogy to the slow-roll regime in inflationary cosmology,
we define our quasi-matter domination parameters as
¯ = −1− 2
3
H˙
H2
= −2
3
(
1
2
+
H′
H2
)
∼= 1
3
(
Vϕ
V
)2
− 1, (3)
δ¯2 =
˙¯
2H (1 + ¯)
∼= −
(
Vϕ
V
)
ϕ
, (4)
and
ξ¯3 = − 1
H
dδ¯2
dt
∼= −Vϕ
V
(
Vϕ
V
)
ϕϕ
, (5)
which characterize this regime through the condition that |¯|  1.
In view of subsequent calculations, it is important to obtain the evolution of the
parameters ¯ and δ¯2, which is given by
˙¯ ∼= 2Hδ¯2, dδ¯
2
dt
= −Hξ¯3. (6)
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Since a potential of the form e−
√
3|ϕ| generates exact matter-domination, we
will re-express our potential V , for negative values of the field, as V (ϕ) = e
√
3ϕW (ϕ),
thus obtaining
¯ =
2√
3
Wϕ
W
, δ¯2 ∼= −
(
Wϕ
W
)
ϕ
, ξ¯3 ∼= −
√
3
(
Wϕ
W
)
ϕϕ
, (7)
what means that, for a very flat potential W , these parameters are very small and
nearly constant. In fact, since the expressions in (7) resemble those of the slow-roll
parameters, we conclude that we can choose W as the new potential, namely the
same potential as is used in slow-roll inflation. Note also that, from (7) one gets
the following hierarchy |ξ¯3|  |δ¯2|  |¯|.
As an example, for the potential W (ϕ) = λϕ2n one has
¯ =
4n√
3ϕ
+
n2
3ϕ2
∼= 4n√
3ϕ
, δ¯2 = −2n
ϕ2
, ξ¯3 =
4
√
3n
ϕ3
. (8)
One can also introduce, in the same way as in the inflation setup, the number of
e-folds before the end of the quasi-matter domination period, as follows a(N) =
eNaf , where af is the value of the scale factor at the end of this regime.
With this definition, in the quasi-matter approximation the number of e-folds
can be calculated as
N = −
∫ tN
tf
H(t)dt ∼=
∫ ϕf
ϕ(N)
V
Vϕ
dϕ, (9)
which, in terms of the potential W , becomes
N ∼=
∫ ϕf
ϕ(N)
1√
3 +
Wϕ
W
dϕ. (10)
For the particular case of the potential W (ϕ) = λϕ2n, for instance, one has
N ∼= − 1√
3
(ϕ(N)− ϕf )− 2n
3
ln
∣∣∣∣∣ ϕf +
2n√
3
ϕ(N) + 2n√
3
∣∣∣∣∣ . (11)
Choosing the value of ϕf when ¯ = −1, one finally obtains:
N ∼= − 1√
3
(
ϕ(N) +
4n√
3
)
− 2n
3
ln
∣∣∣∣ 4n√3ϕ(N) + 2n
∣∣∣∣ . (12)
2.1 The spectral index in bouncing cosmologies
It is well-known that when one considers a scalar field only, General Relativity
dealing with the flat FLRW geometry forbids bounces from the contracting to
the expanding phase, what is best seen by looking to the Raychaudury equation
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H˙ = −12 ϕ˙2 < 0: as the Hubble parameter always decreases, it is absolutely im-
possible to pass from negative to positive values. For this reason, when the matter
part of the Lagrangian is given in terms of a single scalar field, one is led to use
cosmologies beyond the realm of General Relativity as, e.g., Loop Quantum Cos-
mology, teleparallel F (T ) gravity, or F (R) gravities.
Common to all these cases is the Mukhanov-Sasaki [11] equation for scalar
perturbations, in Fourier space, which can be expressed as
v′′k +
(
k2 − z
′′
z
)
vk = 0, (13)
where, for very low energy densities and curvatures, z = a ϕ˙H = a
ϕ′
H . The explicit
expressions for z in the cases of F (T ) and F (R) gravities have been obtained,
respectively, in [12] [13].
To derive the expression of z
′′
z in the contracting phase, during the quasi-matter
domination happening at very low energy densities and curvatures, first we calcu-
late
z′
Hz = 1 + δ¯
2. (14)
Now, using the same method as in [14] (pgs. 54-55), and the second formula
of (6), we obtain
z′′
z
= H(δ¯2)′ +H′ z
′
Hz +H
2
(
z′
Hz
)2
∼= −H2ξ¯3 +H′(1 + δ¯2) +H2(1 + 2δ¯2). (15)
Finally, solving the equation (3) for ¯ constant (because d¯dN =
˙¯
H
∼= 2δ¯2  ¯), i.e.,
taking H = 2η(1+3¯) ∼= 2η (1− 3¯) and replacing this expression in (16), we get, up
to first order,
z′′
z
∼= 2
η2
(1− 9¯). (16)
It is clear from this result that the Mukhanov-Sasaki equation (13), during the
quasi-matter domination epoch, can be approximated by
v′′k +
(
k2 − 1
η2
(
ν2 − 1
4
))
vk = 0 where ν ∼= 3
2
− 6¯. (17)
Then, in order to obtain the adiabatic Bunch-Davies vacuum, one has to choose as
a solution of (17)
vk =
√
pi|η|
2
ei(1+2ν)
pi
4H(1)ν (k|η|). (18)
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For modes well outside of the Hubble radius k|η|  1, (17) becomes
v′′k −
1
η2
(
ν2 − 1
4
)
vk = 0, (19)
which solution is given by
vk = C1(k)|η|
1
2
+ν + C2(k)|η| 12−ν ∼= C2(k)|η| 12−ν . (20)
On the other hand, if one chooses as a scale factor in the quasi-matter domina-
tion period a(t) ∼= t2/3 =⇒ a ∼= η29 =⇒ z ∼= η
2
3
√
3
, the solution (20) can be written
as follows
vk ∼= 1√
3
C2(k)
(
z(η)
∫ η
−∞
dη¯
z2(η¯)
)
|η| 32−ν . (21)
For modes well outside of the Hubble radius the solution (18) should match
(21). Using the small argument approximation in the Hankel function and the
expression (20), we get for these modes
vk ∼= −i
√
1
6
k−3/2ei(1+2ν)
pi
4
Γ(ν)
Γ(3/2)
(
z(η)
∫ η
−∞
dη¯
z2(η¯)
)(
k|η|
2
) 3
2
−ν
. (22)
Such modes will re-enter the Hubble radius at late times in the expanding phase,
when the Universe is matter dominated. Then, the power spectrum is given by
PS(k) = 1
12pi2
(
Γ(ν)
Γ(3/2)
)2(∫ η
−∞
dη¯
z2(η¯)
)2( k
aH
)3−2ν
, (23)
where we have used the matter-domination condition, i.e., the relation aH = 2η .
Evaluating this quantity at the re-entry time (aH = k) and taking into account
that this happens at very late times, we obtain the final formula for the power
spectrum corresponding to scalar perturbations:
PS(k) = 1
12pi2
(∫ +∞
−∞
dη
z2(η)
)2
k=aH
, (24)
where the approximation Γ(ν) ∼= Γ(3/2) has been performed.
Remark 2.1. Note that in slow-roll inflation, the power spectrum could be ex-
pressed in terms of the slow roll parameter ¯sr. This is due to the fact that in
inflationary cosmology, for modes well outside of the Hubble radius, the domin-
ant mode is constant being the other one decreasing in the expanding phase. For
this reason, one could write the power spectrum in terms of ¯sr, because it only
depends on the slow roll regime. Unfortunately, when one deals with bouncing
cosmologies, in the contracting phase, for modes well outside of the Hubble ra-
dius, the dominant mode is not the constant one, because the other one increases.
Then, the spectrum depends on the whole background evolution and not only on
the quasi-matter domination regime.
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In our case, the spectral index for scalar perturbations, namely ns, is obtained
from (23) giving, as a result,
ns − 1 ≡ lnP(k)
ln k
= 3− 2ν = 12¯. (25)
We can also calculate the running of the spectral tilt
αs ≡
(
dns
d ln k
)
k=aH
=
n′s
(ln aH)′
= −2n
′
s
H
∼= −24¯
′
H = −48δ¯
2, (26)
where we have used the formula (3) and the first formula of (6).
In terms of the pressure and energy density, P and ρ, respectively, one has
¯ =
P
ρ
, δ¯2 =
1
2H
d
dt
ln
(
1 +
P
ρ
)
(27)
which leads to the equivalent expression for the spectral index and the running
parameter
ns − 1 = 12P
ρ
, αs = −24
H
d
dt
ln
(
1 +
P
ρ
)
. (28)
In the same way, for tensor perturbations one obtains the following power spec-
trum
PT (k) = 2
9pi2
(∫ +∞
−∞
dη
z2T (η)
)2
k=aH
, (29)
where, for very low energy densities and curvatures, zT = a. The exact expression
of zT in holonomy corrected Loop Quantum Cosmology was obtained in [15], in
teleparallel F (T ) gravity in [12], and in modified F (R) gravity in [16], respect-
ively.
The ratio of tensor to scalar perturbations is given by
r =
8
3
∫ +∞−∞ dηz2T (η)∫ +∞
−∞
dη
z2(η)
2
k=aH
. (30)
Finally, it is instructive to compare these parameters with the slow-roll ones
commonly used in inflation:
¯sr = − H˙
H2
∼= 1
2
(
Vϕ
V
)2
, η¯sr = 2¯sr −
˙¯sr
2H¯sr
∼= Vϕϕ
V
, (31)
which are related with the quasi-matter domination parameters ¯ and δ¯2 via the
formulas
¯sr =
3
2
(¯+ 1), η¯sr = 3(¯+ 1)− 9
4
δ¯2. (32)
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In slow-roll inflation, the spectral index and its running are given by
ns − 1 = 2η¯sr − 6¯sr, αs = 16¯srη¯sr − 24¯2sr − 2ξ¯2sr, (33)
where ξ¯2sr ∼= VϕVϕϕϕV 2 is a second order slow roll parameter .
Moreover, in inflationary cosmology, the scalar/tensor ratio is related with the
slow-roll parameter ¯sr, in the way
r = 16¯sr, (34)
what does not happen in the matter bounce scenario, because there the tensor/scalar
ratio depends on the whole background dynamics, and not solely on those corres-
ponding to quasi-matter domination.
2.2 Power law expansion
As an example, we will choose the following potential [17]
V (ϕ) = V0e
−
√
3(1+ω)|ϕ|, (35)
which leads to the power law expansion
a ∝ t 23(1+ω) . (36)
An easy calculation yields, for the matter bounce scenario,
ns − 1 = 12ω. (37)
On the contrary, in the case of slow-roll inflation, for the same potential (35), one
gets
ns − 1 = −3(1 + ω) and r = 24(1 + ω). (38)
For any of these theories, matter bounce scenario and inflation, to be viable they
have to match more and more accurate astronomical data. Focussing, in particular,
on PLANCK data, the resulting spectral index is given by ns = 0.9603± 0.0073,
what specifically means that:
1. In the matter bounce scenario, in order for the potential (35) to match with
observations, one needs to choose ω = −0.0033± 0.0006.
2. In power law inflation, the potential (35) turns out to be in agreement with the
observational value of the spectral index provided ω = −0.9867 ± 0.0024.
Moreover, since the tensor/scalar ratio is given by r = 24(1 + ω), for this
potential to fit well with PLANCK data one has to impose ω ≤ −0.9954,
which is not compatible with the previous number ω = −0.9867 ± 0.0024.
On the other hand, to match the ratio of tensor to scalar perturbations with the
BICEP2 data, one has to choose ω ∈ [−0.9937,−09887] what, together with
the condition ω = −0.9867± 0.0024, restricts the value of the parameter ω
to be ω = −0.9890+0.0001−0.0003.
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This calculation clearly shows that, in order to match with current observational
data, the parameter ω which appears in both theories, must be conveniently tuned.
Finally, the power law expansion given by the potential (35) has no running,
what is in contradiction with the very last PLANCK data [3], which provides the
following experimental value αs = −0.0134± 0.009. For this reason, some other
models must be alternatively considered.
3 Quasi-matter domination potentials obtained from the
equation of state
We now continue, once again with the parametrization of the scale factor in the
contracting phase given by a(N) = afeN , where af is the value of the scale factor
at the end of the quasi-matter domination period. We will assume, as in inflation
[18], an equation of state (EoS) of the form Pρ =
β
(N+1)α where α > 0 and β < 0
(the fluid has negative pressure) are both of order 1. This particular dependence
between Pρ and the number of e-folds, will allows us to obtain, in a simple way,
potentials that lead to a quasi-matter domination. Effectively, the conservation
equation reads
d ln ρ
dN
= −3
(
1 +
P
ρ
)
= −3− 3β
(N + 1)α
, (39)
and the solution of this equation is given by
ρ(N) =
{
ρfe
−3N (N + 1)−3β, α = 1,
ρ0e
−3Ne
3β
(α−1)(N+1)α−1 , α 6= 1. (40)
On the other hand, in the contracting phase
dϕ
dN
=
ϕ˙
H
= −
√
3
√
1 +
P
ρ
= −
√
3
√
1 +
β
(N + 1)α
, (41)
where we have used that ϕ˙2 = ρ+ P . This equation could be explicitly integrated
for α = 1, 2, for example, when α = 1, one has
ϕ(N) = −
√
3
(
1 +
β
(N + 1)
)
(N + 1) +
√
3β
2
ln

√
1 + β(N+1) − 1√
1 + β(N+1) + 1
 . (42)
But here we will do the approximation
√
1 + β(N+1)α = 1 +
β
2(N+1)α , for large
values of N . Then, one gets
ϕ(N) ∼=
 −
√
3
(
N + ln(N + 1)
β
2
)
, α = 1,
−√3
(
N − β
2(α−1)(N+1)α−1
)
, α 6= 1
(43)
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Finally, introducing the approximation of quasi-matter domination, ρ(N) ∼=
2V (N), we obtain that, for N ≥ 1⇐⇒ ϕ→ −∞,
V (ϕ) ∼=
{
V0e
√
3ϕ(N(ϕ) + 1)−
3β
2 , α = 1
V0e
√
3ϕe
3β
2(α−1)(N(ϕ)+1)α−1 , α 6= 1,
(44)
where N(ϕ) is got by solving for N in (43).
3.1 Viability of the models
The spectral index and the running parameter for the EoS Pρ =
β
(N+1)α , and thus
for potentials of the form (44), can be easily obtained from Eq. (28) by using the
relation dHdt =
d
dN , what yields
ns − 1 = 12β
(N + 1)α
, αs ∼= 24αβ
(N + 1)α+1
. (45)
Note that, in the matter bounce scenario, the ratio of tensor to scalar perturbations
is not related with the quasi-matter domination parameters and has to be calculated
using Eq. (30). This calculation can be carried out numerically for the solution of
the conservation equation
ϕ¨+ 3H(ϕ)ϕ˙+ Vϕ = 0, (46)
corresponding to a Universe that takes N e-folds to leave the quasi-matter domin-
ation epoch, i.e., for the solution which satisfies the initial conditions:
ϕi = ϕ(N), ϕ˙i = H
dϕ
dN
=
√
ρ(N)
√
1 +
β
(N + 1)α
, (47)
where ϕ(N) and ρ(N) are given by (43) and (40), respectively.
However, it is important to realize that the constrain of the tensor/scalar ratio
provided by WMAP and PLANCK projects (r ≤ 0.11) is obtained indirectly as-
suming the consistency slow roll relation r = 16¯sr [19], because gravitational
waves are not detected by those projects. This means that the slow roll inflationary
models must satisfy this constrain, but not the bouncing ones, where there is not
any consistency relation. This point is very important because some very com-
plicated mechanisms are sometimes implemented in the MBS in order to enhance
the power spectrum of scalar perturbations to achieve the observational bound
provided by PLANCK [20]. Moreover, numerical calculation have been performed
for holonomy corrected and teleparallel Loop Quantum Cosmology [21], and those
theoretical values of the tensor/scalar ratio have been compared with the corres-
ponding observational values provided by PLANCK and BICEP2 projects. In fact,
in matter bounce scenario, to check if the models provide a viable value of the
tensor/scalar ratio, first of all gravitational waves must be clearly detected in order
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to determine the observed value of this ratio. We hope that more accurate unified
PLANCK-BICEP2 data (the B2P collaboration), which is going to be issued soon,
may address this point. In contrast, the spectral index of scalar perturbations and its
running could be calculated independently of the theory [22], which means that in
order to check bouncing models, while in the absence of evidence of gravitational
waves, one has to work in the space (ns, αs).
3.1.1 Example 1.
As a first example, we can compare our results relative to the matter bounce scen-
ario with those for chaotic inflation given by the potential V (ϕ) = λϕ2n. In this
case, one has [23]
ns − 1 = −2(n+ 1)
2N + n
, r =
16n
2N + n
. (48)
We can see that, for the same number of e-folds, one obtain the same spectral
index in both the matter bounce scenario and chaotic inflation, after choosing in the
matter bounce scenario α = 1 and β = −14 , and a quartic potential for inflation.
That is, for these parameters α = 1, β = −14 and n = 2, for modes which leave
the Hubble radius about a numberN of e-folds before the end of the corresponding
period (quasi-matter domination in bouncing cosmologies and the slow-roll phase
in inflation), one obtains the same spectral index.
From (48) we can see that in order to achieve the observed value of the spectral
index one has to choose N ∈ [62.829, 91.592]. On the other hand, in slow roll
inflation one also has the constrain r = 16N+1 , what compared with the PLANCK
constrain r ≤ 0.11 implies N ≥ 144.454. But this means that the chaotic quartic
potential is ruled out by PLANCK data. However, if one considers the BICEP2
data r = 0.20+0.07−0.05, one obtains that for N ∈ [58.259, 105.666] what means that
the quartic potential fits well with BICEP2 data for N ∈ [62.829, 91.592].
For our bouncing model, with the aim to obtain the theoretical value of the
tensor/scalar ratio one has to use the formula (30). Thus, one needs to calculate
this quantity for the solution of the conservation equation with initial conditions
ϕi = ϕ(N), ϕ˙i = H
dϕ
dN
=
√
ρ(N)
√
1− 1
4(N + 1)
, (49)
where ϕ(N) is given by (42), ρ(N) by (40) and N ∈ [62.829, 91.592].
3.1.2 Example 2.
As a seconde example we will deal with R2 gravity, where [24]
ns − 1 = − 2
N
, r =
12
N2
. (50)
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The same spectral index could be obtained from (45) choosing α = 1, β = −16 and
considering N − 1 e-folds, instead of N . In this case the correct power spectrum
is obtained by choosing N ∈ [42.553, 61.728].
In inflationary cosmology the model matches correctly with PLANCK data,
because the constrain r ≤ 0.11 is equivalent to N ≥ 10.44. However, the model is
incompatible with the BICEP2 data, because it implies N ∈ [6.66, 8.94].
3.2 Compatibility between the spectral index and the running para-
meter
Here we will compare the compatibility of the spectral index and the running para-
meter in both the inflation and matter bounce scenarios. In the slow-roll regime,
both the spectral index and the running parameter for a perfect fluid can be easily
calculated from the equations
ns − 1 = −3
(
1 +
P
ρ
)
+
d
dN
ln
(
1 +
P
ρ
)
, αs =
n˙s
H
= −dns
dN
, (51)
and if one considers a fluid satisfying the condition∣∣∣∣ ddN ln(ρ+ P )
∣∣∣∣ ∣∣∣∣1 + Pρ
∣∣∣∣ , (52)
one gets [25]
ns − 1 ∼= −6
(
1 +
P
ρ
)
, αs ∼= −18
(
1 +
P
ρ
)2
. (53)
From these equations one obtains the relation αs = −12 (1− ns)2. Now, in-
serting the observed value for the spectral index, ns = 0.9603±0.0073, this yields
αs ∈ (−5.2×10−4,−1.1×10−3) which is in clear contradiction with the observed
value αs = −0.0134 ± 0.009. As a consequence, inflation corresponding to this
kind of perfect fluid is less favored by the current observational data.
For a fluid with an EoS 1 + Pρ =
β
(N+1)α , with both α and β positive and of
order 1 [18], which does not satisfy the condition (52), one has
αs =

− 1α(ns − 1)2 α > 1
− 13β+1(ns − 1)2 α = 1
α
N+1(ns − 1) α < 1.
(54)
Then,
1. for α ≥ 1 one has
|αs| ≤ (ns − 1)2 = (0, 0397± 0.0073)2 < | − 0.0134± 0.009|,
ruling out, at 1σ confidence level, this kind of models.
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2. for α < 1, to match the theoretical values with the experimental ones, the
parameters must satisfy
2α ≤ N + 1 ≤ 11α and − 3β
(N + 1)α
= −0.0397± 0.0073.
However, since α < 1 the number of e-folds before the end of inflation
satisfy N + 1 < 11, which is incompatible with the minimum number of
e-folds (for the most general models N ≥ 50 [3]) to solve both the horizon
and flatness problems in General Relativity.
The problem with slow-roll inflation is that, in general, the spectral index is of
the order N−1, while the running parameter is of order N−2 and, consequently,
one has αs ∼ (1− ns)2, which in most cases is incompatible with PLANCK data,
because the observed value of the running is not small enough [26]. Moreover,
the constrain of the tensor/scalar ratio provided by WMAP and PLANCK pro-
jects (r ≤ 0.11) is obtained indirectly assuming the consistency slow roll relation
r = 16¯sr [19], because gravitational waves are not detected by those projects.
This means that the slow roll inflationary models must satisfy this constrain, but
not the bouncing ones, where there is not any consistency relation. And it is the
combination of the three data (ns, αs, r) what rules out, at 1σ confidence level for
the running, all the standard slow-roll inflationary models.
Effectively, for instance, we consider the ΛCDM+r+αs model from PLANCK
combined with WP and BAO data, which gives the following results ns = 0.9607±
0.0063, r ≤ 0.25 at 95% C.L. and αs = −0.021+0.012−0.010 (see table 5 of [3]). In slow
roll inflation, a simple calculation leads to the relation
αs =
1
2
(ns − 1)r + 3
32
r2 − 2ξ¯2sr. (55)
And thus, considering ns at 2σ confidence level and taking the conservative
bound r ≤ 0.32 (see Fig. 4 of [3]), the minimum of the function 12(ns−1)r+ 332r2
is bigger than −0.0018, what provides the bound
αs ≥ −0.0018− 2ξ¯2sr; (56)
what means that potentials such as V (ϕ) = V0
(
1− ϕ2
µ2
+ . . .
)
(hilltop), V (ϕ) =
V0
(
1− ϕ2
µ2
)2
(plateau) [27] or V (ϕ) = V0
(
1 + cos
(
ϕ
µ
))
(natural) [28], when
one considers values of the running at 1σ confidence level (αs = −0.021+0.012−0.010 ⇐⇒
−0.031 ≤ αs ≤ −0.009), are disfavored by PLANCK data because for all of them
ξ¯2sr ≤ 0.
Dealing with the monomial potential V (ϕ) = V0ϕp, one obtains
ns − 1 = −p(p+ 2)
ϕ2
, αs = −2p
2(p+ 2)
ϕ4
, (57)
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what means that p must be positive in order to have an spectral index with a red tilt
and a negative running. As a first consequence, inverse power law potentials [29]
are disfavored.
For p = 1, 2 one has ξ¯2sr = 0, and thus, one can apply the bound (56) to disfavor
these models. In general, since for this monomial potential one has ξ¯2sr =
p−2
p−1 η¯
2
sr,
one can obtain the following exact formula
αs =
p+ 2
8(p− 1)(ns − 1)r +
3(p+ 2)
128(p− 1)r
2 − p− 2
2(p− 1)(ns − 1)
2. (58)
And for p ≥ 3, using that p−2p−1 ≤ 2 and the fact that p+2p−1 increases as a function
of p, one gets the bound
αs ≥ 5
16
(ns − 1)r − (ns − 1)2 ≥ −0.0084, (59)
which is incompatible with the running provided by PLANCK at 1σ confidence
level.
Finally, for a general hilltop potential V (ϕ) = V0
(
1− ϕpµp + . . .
)
with p ≥ 3
[30], one also has the relation ξ¯2sr =
p−2
p−1 η¯
2
sr, and thus, one can apply the same
reasoning as in the previous case for monomial potentials.
A way to solve this problem is to break the slow-roll approximation for a short
while, as due, for example, to the inclusion of a quickly oscillating term in the
potential. In this case the theoretical value of the running parameter gets larger and
could match well with experimental data [31].
On the other hand, in the matter bounce scenario, when dealing with a perfect
fluid with EoS Pρ =
β
(N+1)α , one obtains from (45) the following relation
αs =
2α
N + 1
(ns − 1) (60)
which is perfectly compatible with the experimental data. In fact, for instance, if
one takes α = 2 and N = 12, (note that in bouncing cosmologies a large number
of e-folds is not required, because the horizon problem does not exist, since at
the bounce all parts of the Universe are already in causal contact, and also the
flatness problem gets improved [10]), one obtains, for ns = 0.9603 ± 0.0073,
the following value for the running parameter: αs = 0.0122 ± 0.0022, which is
compatible with the PLANCK data. Effectively, for these values of α and N one
gets ns−1 = 12132β ∼= 0.071β, which is indeed compatible with its observed value,
by choosing β ∼= −12 .
4 Conclusions
In this paper we have introduced, at the early times in the contracting phase of
bouncing cosmologies, a quasi-matter domination regime controlled by some con-
venient small parameters which we have defined here. This has allowed us to
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obtain theoretical values of the spectral index and of the running parameter which
are in perfect agreement with the most recent and accurate observational data from
the PLANCK satellite.
We have shown in detail, and with the help of several simple examples, the vi-
ability of our bouncing models for isotropic fluids with an equation of state which
depends on the number of e-folds occurring before the end of the quasi-matter dom-
ination epoch. We have also demonstrated that, in contrast to these results, slow-
roll inflationary models are generically less favored by the most recent PLANCK
observational data due, in particular, to the rather small value of the running para-
meter predicted by all these slow-roll theories.
We expect that more precise unified PLANCK-BICEP2 data (the B2P collab-
oration), which are going to be issued soon, may even fit better the bouncing cos-
mologies under consideration here.
Acknowledgments. This investigation has been supported in part by MINECO
(Spain), projects MTM2011-27739-C04-01, FIS2010-15640 and FIS2013-44881,
and by the CPAN Consolider Ingenio Project.
References
[1] M. Novello and S.E. Perez Bergliaffa, Phys. Rept. 463 , 127 (2008)
[arXiv:0802.1634].
R.H. Brandenberger, (2012) [arXiv:astro-ph/1206.4196].
R.H. Brandenberger, Int. J. Mod. Phys. Conf. Ser 01, 67 (2008)
[arXiv:0902.4731].
R.H. Brandenberger, AIP Conf. Proc. 1268, 3 (2010) [arXiv:1003.1745].
R.H. Brandenberger, PoS (ICFI 2010) 001, (2010) [arXiv:1103.2271].
[2] D. Wands, Phys Rev. D 60, 023507 (1999) [arXiv:9809062].
[3] P.A.R. Ade et al., Astronomy and Astrophysics 571 A22, (2014)
[arXiv:1303.5082].
[4] E.D. Stewart and D.H. Lyth, Phys. Lett. B302 171, (1993) [arXiv:9302019].
[5] M. Lilley, L. Lorenz and S. Clesse, JCAP 06 004, (2011) [arXiv:1104.3494].
J. Martin and P. Peter, Phys. Rev. D68 103517, (2003) [arXiv:0307077].
F. T. Falciano, M. Lilley and P. Peter, Phys. Rev. D77 083513, (2008)
[arXiv:0802.1196].
[6] E. Wilson-Ewing, JCAP 1303 026, (2013) [arXiv:1211.6269].
Yi-Fu Cai and E. Wilson-Ewing, JCAP 03 026, (2014) [arXiv:1402.3009].
M. Bojowald and G.M. Hossain, Phys. Rev. D77, 023508 (2008) [arXiv:
0709.2365].
15
T. Cailleteau, J. Mielzczarek, A. Barrau and J. Grain, Class. Quant. Grav. 29,
095010 (2012) [arXiv:111.3535].
[7] A. Ashtekar and P. Singh, Class. Quant. Grav. 28 23001, (2011)
[arXiv:1108.0893].
P. Singh, Class. Quant. Grav. 26 125005, (2009) [arXiv:0901.2750].
A. Corichi and P. Singh, Phys. Rev. D80 044024, (2009) [arXiv:0905.4949].
A. Ashtekar, T. Pawlowski and P. Singh, Phys. Rev. Lett. 96 141301, (2006)
[arXiv:0602086].
M. Bojowald, Class. Quant. Grav. 26 075020, (2009) [arXiv:0811.4129].
[8] J. Amoro´s, J. de Haro and S.D. Odintsov, Phys. Rev. D87 104037, (2013)
[arXiv:1205.2344].
K. Bamba, J. de Haro and S.D. Odintsov, JCAP 02 008, (2013)
[arXiv:1211.2968].
Y-F. Cai, S-H. Chen, J.D. Dent, S. Dutta and E. N. Saridakis Class. Quantum
Grav. 28, 215011 (2011) [arXiv:1104.4349].
[9] S. Nojiri and S.D. Odintsov, Phys.Rept. 505 59, (2011) [arXiv:1011.0544].
S. Capozziello and M. De Laurentis, Phys.Rept. 509 167, (2011)
[arXiv:1108.6266].
J. Amoro´s, J. de Haro and S.D. Odintsov, Phys. Rev. D89 104010, (2014)
[arXiv:1402.3071].
J. Haro, Europhys. Lett. 107 29001, (2014) [arXiv:1403.4529].
S.D. Odintsov and V.K. Oikonomou, (2014) [arXiv:1410.8183].
K. Bamba, A. N. Makarenko, A. N. Myagky, S. Nojiri and S.D. Odintsov,
JCAP 01 008, (2014) [arXiv:1309.3748].
[10] R.H. Brandenberger, (2012) [arXiv:1204.6108].
[11] V.F. Mukhanov, JETP Lett. 41 493, (1985).
M. Sasaki, Prog. Theor. Phys. 76 1036, (1986).
[12] J. Haro, JCAP 11 068, (2013) [arXiv:1309.0352].
[13] J.-C. Hwang, Class. Quant. Grav. 14 2327, (1997) [arXiv:9607059].
[14] A. Riotto, (2002) [arXiv:0210162].
[15] T. Cailleteau A. Barrau, J. Grain and F. Vidotto, Phys. Rev. D86 087301,
(2012) [arXiv:1206.6736].
[16] J.-C. Hwang and H. Noh, Phys. Rev. D54 1460, (1996)
[17] F. Lucchin and S. Matarrese, Phys. Rev. D32 , 1316 (1985).
[18] V. Mukhanov, Eur. Phys. J. C73 2486, (2013) [arXiv:1303.3925];
V. Mukhanov, (2013) [arXiv:1409.2335].
16
[19] H. Peiris and R. Easther, JCAP 0607, 002 (2006) [arXiv:0603587].
S.M. Leach, A.R. Liddle, J. Martin and D.J. Schwarz, Phys.Rev. D66, 023515
(2002) [arXiv:0202094].
S.M. Leach and A.R. Liddle, Mon.Not.Roy.Astron.Soc. 341, 1151 (2003)
[arXiv:0207213].
[20] Yifu Cai, R. Brandenberger and X. Zhang, JCAP 1103, 003 (2011)
[arXiv:1101.0822].
Yifu Cai, D. A. Easson and R. Brandenberger, JCAP 08, 020 (2012)
[arXiv:1206.2382].
[21] J. de Haro and J. Amoro´s, JCAP 12, 031 (2014) [arXiv:1406.0369].
[22] D.N. Spergel et al., Astrophys.J.Suppl. 148, 175 (2003) [arXiv:0302209].
L. Verde et al., Astrophys.J.Suppl. 148, 195 (2003) [arXiv:0302218].
[23] J. de Haro and J. Amoro´s, JCAP 08 025, (2014) [arXiv:1403.6396].
[24] L. Sebastiani, G. Cognola, R. Myrzakulov, S.D. Odintsov and S. Zerbini,
Phys. Rev. D89, 023518 (2014) [arXiv:1311.0744].
[25] K. Bamba, S. Nojiri and S.D. Odintsov and D. Sa´ez-Go´mez, (2014)
[arXiv:1410.3993].
[26] R. Easther and H. Peiris, JCAP 010 0609, (2006) [arXiv:0604214].
[27] K.A. Olive, Phys. Rept. 190, 307 (1990).
[28] K. Freese, J.A. Frieman and A.V. Olinto, Phys. Rev. Lett. 65, 3233 (1990).
F.C. Adams, J.R. Bond, K. Freese, J.A. Frieman and A.V. Olinto, Phys. Rev.
D47, 426 (1993).
[29] J.B. Barrow, Phys. Lett. B235, 40 (1990).
A. Muslinov, Class. Quant. Grav. 7, 231 (1990).
[30] A. Albrecht, P.J. Steinhardt, Phys. Rev. Lett. 48, 1220 (1982).
A.D. Linde, Phys. Lett. B108, 389 (1982).
[31] Y. Wan, S. Li, M. Li, T. Qiu, Y.F. Cai, and X. Zhang Phys. Rev. D90 023537,
(2014) [arXiv:1405.2784].
17
